Load calculations of nutrients and suspended solids (SS) transported by rivers are usually based on discrete water samples. Water quality changes in cold climate regions often occur very rapidly and therefore discrete samples are unrepresentative of the range of water quality occurring. This leads to errors of varying magnitude in load calculation. High-resolution turbidity data were used to determine the SS and total phosphorus (TP), and paired with discharge to determine loads from two small catchments in southern Finland. The effect of sampling frequency was investigated by artificially sub-sampling the high frequency concentrations. Regardless of the sampling frequency, the TP load was more likely underestimated while using discrete samples. To achieve ±20% accuracy compared with the reference load, daily sampling should be performed. Hysteresis was detected to have an impact on TP load. Hysteresis analysis also revealed the main source of the TP to be in the fields of the catchment. Continuous measuring proved to be a valuable method for defining loads and short-term fluctuations in water quality in small clayey watercourses in a boreal cold climate, where the climate change will increase the frequency of winter floods.
INTRODUCTION
Nutrient loading from agriculture, manifested as diffuse loading, is considered to be one of the major environmental problems on a global scale and in many European countries also been used when river discharge is monitored continuously, but the concentrations are measured less frequently (Phillips et al. ; Horowitz ) . The problems encountered in using the discharge/concentration relationship to estimate loading often arises from poor correlation between these variables. Typically, concentrations in the rising stage of floods may be different from those in the falling stage during similar discharge (Gentile et al. ) , but there may also be seasonal variability in the concentration/ discharge relationship. Some studies have focused on refining rating curve methods to improve the feasibility and precision of the load estimations (Asselman ;
Cheviron et al. ).
Varying discharge/concentration relationship on the rising stage and the falling stage of the hydrograph is commonly described by the term hysteresis (Bowes et al. ) .
Time lag between the peak values of the discharge and concentration usually leads to a non-linear relationship between discharge and concentration (Gentile et al. ) . Higher concentration in the rising stage of the hydrograph than in the falling stage is described as clockwise or positive hysteresis. Anti-clockwise or negative hysteresis means higher concentration in the falling stage of the hydrograph com- There are no economical, robust sensors available to directly measure SS and total phosphorus (TP) in water.
To compensate for the lack of frequent concentration measurements, turbidity has been used as a surrogate measure for SS concentration ( 
MATERIALS AND METHODS

Study sites
The study area of the upper course of the Lepsämänjoki River catchment is located in southern Finland in the Vantaa River drainage basin ( Figure A1 , available with the online version of this paper). It has an area of 23 km 2 , covering approxi- 
Load calculations
The turbidity/SS concentration and turbidity/TP concentration relationships were established for both catchments, using data collected during the study year. The TP and SS concentrations were calculated based on the sensorrecorded 1-h frequency turbidity data. Regression analysis was used to estimate TP (μg/L) and SS (mg/L) from turbidity. Hourly loads were calculated by multiplying the estimated concentration with the hourly measured discharge (L/s). The annual loads were computed as the total sum of these hourly loads (Equation (1)):
where L a is the annual load between period t1 and t2, Q(t) is the discharge at time t, C(t) is the concentration at sampling time t and dt represents time in seconds between sampling times. Loads calculated, based on hourly concentration data (i.e., hourly loads), were assumed to be the most accurate and the results calculated by other methods were compared against these reference values.
Calculation methods used to estimate loads were: yearly averaging, ratio method, linear interpolation method and concentration/discharge relationship (rating curve). These are methods traditionally used to calculate loads from discrete water samples.
Yearly averaging method
The yearly averaging method was based on arithmetic means of concentration ( C) and discharge ( Q), and the loads were calculated according to:
where [Ti] is time in seconds. This method has been used in sampling methodologies and load estimation techniques study, for example, by Cassidy & Jordan () .
Ratio method
In the ratio method described by Walling & Webb (),
the annual load (L 2 ) was calculated as the product of the annual flow-weighted mean concentration and annual flow (Qa) according to:
where (Ci) is the concentration in sample and (Qi) is the flow at the sampling time.
Linear interpolation method
In the linear interpolation method, the daily concentration Sampling day concentrations refer to TP and SS analysed in the laboratory. The daily load was then calculated by multiplying the interpolated concentration by the mean discharge of the day (Q d ) calculated from continuous flow measuring. The annual load (L 3 ) was calculated as the sum of these daily loads (Equation (4)):
Cd Qd (4)
Rating curve method
Finally, in the rating curve method (Asselman ; Cheviron et al. ), we used the relationship between concentration and discharge of the sampling days to calculate the daily concentrations between sampling times.
Least-square regression was used, and a linear equation was fitted for both study sites.
The daily concentration values (C d ) were derived according to:
The daily loads for each day were then calculated by multiplying the daily discharge by the concentration. The amount of the yearly load was summed up from these daily load values similar to Equation (4). Logarithmic transformation was considered, but not performed, because it could have led to transformation bias (Asselman ).
Testing of different sampling frequency
We tested the effect of the sampling frequency on TP load- 
RESULTS
Laboratory vs. sensor turbidity and TP
The range of turbidity measured with the sensors at both study sites was wider than that calculated from the manual samples ( Figure 1) . of TP was found to be bound in particles in the Lepsämänjoki River and the Lukupuro River, respectively.
Deriving continuous TP and SS data
Turbidity, as measured by the sensors, showed a statistically significant (p < 0.01) correlation with the SS concentration analysed in the laboratory (Figure 2(a) thus not rejected. This may be due to very fine-grained SS that flows through the filter pores in laboratory analyses.
TP and turbidity measured in situ by the YSI sensors also showed statistically significant correlations (Figure 2(b) ).
The relationship was not as strong in the Lukupuro River 
Load calculations
Based on the hourly SS and TP concentrations and discharge data, the SS and TP load was calculated at 1-h intervals. With this method, the total annual SS load of the Lepsämänjoki River during the one-year study period was 262 × 10 3 kg and TP load 712 kg.
The maximum 1-h loads were 1,800 kg SS and 3.3 kg TP, and they occurred in late October 2006 in the rising stage of the autumn flood. The lag between the concentration and flow maxima was 13 h. The shorter the lag between these two maximum values, the larger was the load.
In the Lukupuro River, the SS load was 140 × 10 3 kg and the TP load 250 kg. The highest hourly SS (850 kg) and TP (1.4 kg) loads occurred in late October 2006 after a heavy rain event. During the event, the highest concentrations of TP and SS were reached 6 h before maximum discharge.
As shown in Figure 3 , there were differences in the SS and TP loads calculated with the various methods at both monitoring sites. When the data were compared (ΔL) with the reference data based on high-resolution sensor data, the yearly averaging method (method 1) seemed to provide satisfactory (ΔL < 10%) results for all parameters at both sites. The most biased method, compared with the reference load, was the linear interpolation method (method 3), Lepsämänjoki River were:
and for the Lukupuro River:
There was slight overestimation or underestimation of the loads, depending on the study site. This resulted from the fact that the concentration/discharge correlation actually showed widespread scattering, leading to fairly poor correlation between the concentration and discharge in both catchments.
Effect of sampling frequency
As can be seen in Figure 5 (a) and 5(b), the yearly averaging method (Equation (2) been missed. The majority of the yearly TP loads consisted of fairly short-term peaks when high TP concentrations coincided with high discharge values.
Use of the ratio method (Equation (3)) resulted in more reliable load estimations than yearly averaging method at both study sites (Figure 6 (a) and 6(b)). However, even in simulated daily sampling (365 samples), the differences compared with the reference data varied from þ21% to À18% (the Lukupuro River) and ±18% (the Lepsämänjoki River). Commonly used sampling frequencies of 6-12
samples per year resulted in wide variation in load estimations, regardless of use of the calculation method. The probability of achieving load estimation within ±20% of the reference load at sampling frequencies of 12, 52 and 365 samples per year was 46%, 70% and 100%, respectively, in the Lepsämänjoki River. In the Lukupuro River, the probabilities at the same sampling frequencies were 40%, 50%
and 98%. Regardless of the sampling frequency, the phosphorus loads were more likely underestimated than overestimated in both catchments.
Impact of hysteresis
The mean hysteresis index in the Lukupuro River was 0.33 (n ¼ 34) and in the Lepsämänjoki River 1.65 (n ¼ 23). The predominant TP hysteresis in both study sites was positive (Table 1 ). In five of the 34 events detected in the Lukupuro River, the hysteresis index was below 0.1 and thus the 
DISCUSSION
Our findings suggest that reliable SS and TP load calculations can be achieved with continuous turbidity monitoring. However, as seen in our results, the correlation between turbidity and SS concentration and turbidity and TP concentration varied with the site. Thus, when turbidity A linear relationship was also detected between turbidity and the TP concentration at both study sites. The TP/ turbidity relationship was not as sensitive as turbidity/SS relationship to the differing particle-size distribution, since phosphorus tends to be particle-bound, especially in fine clay-sized suspended material (Grayson & Finlayson ) .
Thus, the high-turbidity water contained abundant SS and phosphorus. The origin of the phosphorus may also have affected the relationship between turbidity and TP, as noted by Viviano et al. () . Thus, a single main source (agricultural clayey fields) of TP most likely also predominated at our study sites.
There was a positive correlation at both study sites between concentration and discharge indicating the dominance of diffuse SS and TP pollution (Bieroza & Heathwaite ) but, typically, the TP and SS concentrations peaked just before the discharge maximum, leading to positive hysteresis. Due to the hysteresis effect, there were considerable problems in calculating the loads based on discharge. If discharge and concentration peak occurs simultaneously the load would be very high.
The hysteretic behaviour of the Lukupuro River was complex throughout the year making the estimation of TP load based solely on discharge difficult. In the Lepsämänjoki
River it was likely that during positive hysteresis (Hi > 0) the TP load was high. In September 2006, five consequent flow () also concluded that when the improved rating curve approach is used, 200 samples would guarantee that the SS loads would lie within a ±20% interval. They found that load estimates are usually more vulnerable to the lack of concentration data than the lack of discharge data. Our study shows that continuous turbidity monitoring would be sufficient to compensate for this weakness.
Climate change increases wintertime temperature and precipitation in cold climate areas (Graham ; Deelstra et al.

) and that will also increase nutrient loads. High frequency nutrient monitoring is essential to get more accurate load estimations in cold climate rivers, especially during winter months. Frequent sampling is often expensive and difficult during winter months when ice covers the river. Our measurements show that on-line sensors are a reliable and cost-effective way to monitor SS and TP loads in cold climate areas.
CONCLUSIONS
Continuous in situ turbidity monitoring proved to be a valuable method for estimating the erosion and phosphorus loads from catchments with clayey waters. Turbidity could provide a viable surrogate for SS and TP concentrations.
Reasonable utilization of this method is dependent on the correlation between the turbidity measured continuously and the SS or TP concentrations analysed in the laboratory.
Turbidity should not be used as a surrogate measure for SS or TP without careful calibration procedures.
Our findings suggest that calculation methods based on discrete grab samples may result in an overwhelming probability of obtaining inaccurate load values if used on a yearly basis. Large fluctuations in the discharge/concentration relationship illustrate the importance of highresolution water quality data, especially in estimating the erosion or phosphorus loads of watercourses. Varying hysteresis effect makes it difficult to estimate load based solely on discharge. Therefore, hysteresis patterns detected by the high-frequency monitoring provide valuable information for detecting also the catchment's possible nutrient sources in different hydrologic conditions. Load calculations based on continuously measured data would be more accurate than those based on discrete water samples. This is the case especially during winter months, when traditional monitoring is difficult and expensive. Thus highfrequency monitoring could also be a reasonable method to detect the impact of catchments' nutrient management practices on the water quality of rivers.
